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GENERAL INTRODUCTION 
The light environment under which leaves develop affects leaf 
morphology and physiology (Boardman, 1977). Leaves developed in the 
sun tend to be smaller in size and thicker than those developing in the 
shade for many species (Givnish, 1979). Changes in leaf thickness are 
often accompanied by variations in leaf photosynthetic characteristics. 
Thus, thicker sun-acclimated leaves may have higher photosynthetic rates 
that saturate at higher photosynthetic photon flux density (PPFD) than do 
shade-acclimated leaves (Boardman, 1977; Longstreth et al., 1981; 
Smith and Martin, 1987). Leaf thickening is often accompanied by an 
increase in cell size and number of both spongy mesophyll and palisade 
cells (Chabot and Chabot, 1977; Bjorkman, 1981) tliat results in 
increased mesophyll cell surface area and volume (Chabot and Chabot, 
1977; Nobel, 1977). In some species leaf mesophyll cell surface area 
per unit leaf area (Ames/A) has been positively correlated with the leaf 
photosynthetic capacity and water use efOciency (WUE), i.e., the amount 
of caibon fixed per unit of water transpired (Nobel et al., 1975; Nobel, 
1977; Nobel, 1980; Jurik et al., 1982; Yun and Taylor, 1986). Other 
researchers have related leaf photosynthetic performance to mesophyll 
cell volume (Charles-Edwards et al., 1974; Domhoff and Shibles, 
1976). However, both mesophyll cell volume and cell surface area 
influence photosynthesis ( Yun, 1985). Presence of thick sun-leaves with 
increased mesophyll cell surface area, and thin shade-leaves implies 
that there exists a photosynthetic potential difference between the leaf 
forms. To the extent that leaves are optimally adapted to microclimates 
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an adaptive component of leaf thickness is indicated. However, variations 
in leaf thickness may require additional investment in leaf material; so 
the potential photosynthetic benefit must be weighed against the energetic 
costs associated with the increase in thickness. When increased leaf 
thickness is accompanied by a reduction of leaf area, there may be little 
impact on the cost of leaf development; however, such a reconfiguration 
of materials may provide substantial advantages (Paikhurst and Loucks, 
1972; Taylor, 1975; Nobel, 1980). When thickening continues 
following expansion an additional material investment is involved. Leaf 
thickening in response to growth conditions will only be of adaptive value 
if the energetic costs of construction and maintenance are less than the 
benefits from increased carbon fixation. Benefit may be defined as the 
increment in carix>n gain resulting from the structure and can often be 
estimated experimentally or by simulations (Mooney and Gulmon, 1979; 
Mooney and Gulmon, 1982; Jurik and Chabot, 1986). 
The objectives of this study were to determine the phenology and the 
extent of morphological changes during leaf acclimation to light, and to 
investigate the factors that influence optimal leaf thickness in a given light 
environment utilizing a cost-benefit analysis. Simulations of leaf 
photosynthesis for different light environments and leaf characteristics 
(primarily leaf thickness) were used to quantify the effect of observed leaf 
thickness on net caibon gain and water use of soybeans and velvetleaf. 
Cost-benefit methods of profitability analysis can provide a basis for 
interpreting "optimum" leaf thickness for a given environment. This 
type of analysis also allows objective evaluation of variations in thickness 
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of leaves observed in nature that may have adaptive signifîcance. 
The first section of this research, entitled " phenology of leaf thickening 
under changing light regimes," investigated the time course and the 
extent of leaf morphological changes as influenced by the light 
environment. This section contains an Introduction, Materials and 
Methods, Results, Discussion, Conclusion and Literature Cited. Figures 
and one table are included in the text. This manuscript will be submitted 
to the Journal "Ecology " for publication. 
The second section, entitled " factors influencing the optimal 
thickness of leaves: a cost-benefît approach," examined the optimality of 
leaf thickness from an eneigetic point of view using a cost-benefit 
profitability analysis method. This section has the same subsection format 
as Section I and also contains a Summary and Discussion. The manuscript 
also will be submitted to the Journal "Ecology " for publication 
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SECnON I. PHENOLOGY OF LEAF THICKENING UNDER CHANGING 
LIGHT REGIMES 
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Phenology of leaf thickening under changing light regimes 
Memar M. H. MS 
Taylor S. E. PhD 
From the Department of Agronomy, Iowa State University 
Ames, Iowa 50011 
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ABSTRACT 
The phenology of leaf thickness development as related to 
micro-climate provides an explanation of the adaptive signifîcance of leaf 
thickening. Soyh&wi {Glycine max L.)and velvetleaf (AWfW 
theophrasti Medic.) were grown in, and transferred between high and low 
light environments after leaf expansion appeared complete. Leaf thickness 
and dimensions were measured daily on single leaves or leaflets. Total 
internal leaf cell surface area (AR) and cell volume (VR) per unit leaf 
surface area were measured on 1-pm thick leaf cross sections, fîxed in 
resin, using a stereological technique. 
In both species high and low light grown leaves had highest and lowest 
thickness, respectively, with transfer leaves exhibiting intermediate 
values. Both AR and VR followed trends similar to leaf thickness. Leaf 
thickening was rapid during early stages of leaf development, and the 
potential for thickening continued beyond the period of leaf length and 
breadth expansion. Fully expanded leaves developed in shade were capable 
of thickening if light levels increased. Leaves developed in high light 
exhibited a time lag between areal expansion and thickening. This may 
prevent potentially wasteful investment in biomass should the leaves be 
shaded late in their development A leaf photosynthetic model was used to 
quantify the effect of anatomical changes on water use efficiency. 
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INTRODUCTION 
Leaves of many plant species exhibit a range of anatomical and 
physiological acclimation responses to the light environment present during 
development. Leaves grown under a high light environment are often 
smaller in size, thicker and have more extensively developed palisade and 
spongy mesophyll cells Aan leaves grown in a low light environment 
(Nobel et al., 1975; Boardman, 1977; McClendon and McMillen, 1982). 
Numerous studies have indicated that the changes in leaf anatomy are often 
accompanied by variations in leaf photosynthetic characteristics. Thus, 
sun-acclimated leaves may have higher photosynthetic rates that saturate at 
higher photosynthetic photon flux density (PPFD) than do shade-acclimated 
leaves (Boardman, 1977; Longstreth et al., 1981; Smith and Martin, 
1987). In some species leaf mesophyll cell surface area per unit leaf area 
(Ames/A) has been positively correlated with the leaf photosynthetic 
capacity and water use efOciency (WUE), i.e., the amount of carbon fixed 
per unit of water transpired (Nobel et al., 1975; Nobel, 1977; Jurik et 
al., 1982; Yun and Taylor, 1986). Other researchers have related leaf 
photosynthetic performance to mesophyll cell volume (Charles-Edwards et 
al., 1974; Domhoff and Shibles, 1976). However, Chabot and Chabot 
(1977) reported that the photosynthetic responses to light acclimation may 
not always be attributable to changes in mesophyll cell surface area or 
volume. A more recent study by Yun (1985) has shown that both 
anatomical parameters are, nevertheless, important in explaining 
photosynthetic acclimation to the light environment. 
The purpose of this study was to observe the phenology of leaf 
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thickening and the extent of anatomical changes in soybeans 
{Glycine max L.) and velvetleaf (Abutilon theophasti Medic.) under 
contrasting light environments. A leaf photosynthetic model incorporating 
leaf thickness parameters (Yun, 1985) was utilized to quantify the effect of 
anatomical changes on leaf water use efiHciency. 
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MATERIALS AND METHODS 
Growth Conditions 
Velvetleaf, an annual weedy species colonizing the mid-western USA, 
and soybeans were planted in a greenhouse during October and November 
of 1987, respectively. Plants were grown in pots filled with perlite, peat 
moss, a local Iowa soil, and sand in 4:2.5:2.5:1 proportions in a 
temperature-controlled greenhouse with day/light maximum and minimum 
temperatures of 28 C and 19 C. Plants were watered twice a day and 
fertilized with Peters solution three times a week. 
A high light environment was achieved by supplementing natural 
sunlight with lOOOW high pressure sodium lamps, resulting in an average 
PPFD of approximately 1500 pmol m-2 s-1 at leaf position ( measured 
with a Li-Cor Quantum sensor several times during the experiment). A 
low light environment was obtained by placing the plants in a partially 
shaded area of the greenhouse without artificial lighting, resulting in an 
average PPFD of about 450 |imol m-2 s-1. Photoperiod was 15 hrs in high 
light and about 10 hours in low light treatments. 
Experimental Treatments and Measurements 
Plants were raised under the high light environment until the 10th leaf 
or terminal leaflet was just unrolling. Then half of the plants were 
transferred to the low light environment. At about full expansion of the 
10th leaf or terminal leaflet half of the plants from each of the two light 
environments were transferred to the other environment. This created 
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four treatments of five and seven plants for soybeans and velvetleaf 
respectively, including plants that were grown and maintained under high 
(HH) and low (LL) light throughout leaf development, and plants that were 
transferred from high to low (HL) and from low to high (LH) light. 
Measurements of leaf thickness and dimensions were made daily on the 
10th intact leaf or terminal leaflet. During leaf development, leaf thickness 
was always measured at the same position in the central part of the blade 
between major veins with a precision micrometer. Length of mid vein and 
maximum width of the leaves were measured using a metric mler 
(Appendix A). Stomatal resistances to water vapor were measured with a 
diffusion porometer (Li-Cor) under high and low light on two consecutive 
days, prior to change in light environments. Measurements were made 
on the 10th leaf or terminal leaflet (two measurements per replication) 
during mid-morning and mid-afternoon. 
Anatomical Measurements 
About a week after the leaves were transferred between light 
environments, small pieces of the 10th leaf or terminal leaflet were 
sampled for anatomical measurements. Leaf tissue was taken from the 
center of the blade, avoiding major veins. Specimens were fixed with 
formalin-acetic acid-ethanol (FAA) and embedded in Spurr's resin (1969). 
Leaf cross sections of l-|im thickness were cut on an LKB Ultramicrotome 
with glass knives, mounted on glass slides, and stained with toluidine blue. 
Subsequently, photographic slides of the sections were made using a 
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camera equipped microscope. Mesophyll cell surface area and cell volume 
were determined using the stereological procedures described by Parkhurst 
(1982). A transparency comprising computer generated random dots or 
lines (15x15 cm^) was superimposed on projected slides of the leaf cross 
sections. The mesophyll cell volume per unit leaf surface area (VR) was 
determined by the formula VR= hV/, where V/ is the volume fraction of 
chlorenchyma (Parkhurst, 1982) and h is thickness of the leaf cross 
sections measured with a calibrated ocular micrometer ( Appendix B). 
The mesophyll cell surface area per unit leaf surface area (AR) was 
determined by the formula AR=hA/, where A/ is the chlorenchyma 
surface area per unit volume. Both V/ and A/ were calculated following 
Parkhurst (1982). 
Statistics 
The anatomical and morphological data were analyzed by one-way 
analysis of variance (ANOVA), and treatment means were compared for 
LSD (Steel and Torrie, 1960). SigniOcant differences were declared when 
P< 0.05. 
Simulations 
Simulations were conducted to evaluate the effect of anatomical 
changes on leaf water use efficiency (WUE). The leaf model developed by 
Yun (1985) was used. This model consists of an interrelated leaf energy 
budget and a biochemical model that incoiporated the leaf anatomical 
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parameters, VRandAR. A linear relationship between AR and VR was 
assumed (Yun, 1985). The conditions simulated were those present under 
the high light environment in the greenhouse. Total radiation absorbed 
was approximated by evaluating the energy emitted by the surrounding 
environment (ground and sky radiations) as well as the natural and 
supplemental radiations (measured with an infrared thermometer and an 
Eppley Pyranometer). Total radiation absorbed on average was 
approximated as Q=650 Wm-2, where PPFD was 1500 pmol m-2 s-1. 
Measured maximum leaf width and length ( 0.09 and 0.14 m for soybeans 
and 0.19 and 0.22 m for velvetleaf respectively) were used to calculate leaf 
"characteristic dimensions" (Taylor, 1975). Hie measured resistance (X + 
SD) was 200 + 20 s/m under high light and 400 + 40 s/m under low light 
for velvetleaf, and 200 + 10 under high light and 400 + 30 s/m under low 
light for soybeans. Therefore, a mean stomatal resistance of 200 s/m was 
used for leaves under high light. Relative humidity was not controlled but 
was measured on several occasions over the course of the experiment using 
a sling-psychrometer. Relative humidity varied between 30% to 50% 
during early aftemoon. An average relative humidity of 40% was used in 
the simulation. Leaf temperature was measured by an infrared 
thermometer on several dates, T=26 C and T=28 Ç for soybeans and 
velvetleaf respectively. Wind speed was estimated to be 0.5 m/s. 
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RESULTS 
Figure 1. Shows that plant leaves were almost fully expanded at the 
time of leaf transfer to the opposite light environment. Both soybeans and 
velvetleaf had similar patterns of leaf thickness development under 
comparable light environments (Figure 2). Leaf thickening was rapid 
during areal expansion (Figures 1 and 2). Plants developed under high 
light exhibited greater leaf thickening than leaves in low light. Under low 
light, leaves attained maximum thickness at about the same time full leaf 
expansion was attained. High light treated leaves continued to thicken after 
expansion was complete. Leaves grown under high light (HH) were 
thicker than those under low light (LL). Upon the transfer of the plants to 
the opposite light environments, plant leaves raised under high light and 
transferred to low light (HL) did not exhibit further increase in thickening 
(Figure 2). Leaves raised under low light and then transferred to high 
light (LH) significantly increased in thickness. Leaf thickness in the latter 
case increased from 150 p.m at the time of transfer to 175 jim a week later 
in velvetleaf and from 165 nm to 241 |j,m in soybeans. Under prevailing 
greenhouse conditions soybeans appeared to be more responsive to the 
changes in light environment than velvetleaf. Following the low to high 
transfer, soybean leaves increased their thickness by 46% compared to 
17% for velvetleaf. Despite a greater light induced thickness in soybean 
leaves, the final thickness in the low to high transfer leaves was only 72% 
of the final leaf thickness in high light treatment leaves, compared to 87% 
for velvetleaf. Anatomical observations of the leaf sections indicated that 
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ill both species the variation in leaf thickness was directly related to and 
accompanied by changes in mesophyll thickness. Thick leaves developed 
under high light had two layers of palisade cells with well developed 
spongy mesophyll cell regions. In contrast* thin leaves developed under 
low light were observed to have only one layer of palisade cells that were 
poorly differentiated from less frequent spongy mesophyll cells. Observed 
increases in leaf thickness were mainly attributable to an increase in size as 
well as number of both palisade and spongy mesophyll cells. 
Stereological analysis of the leaf sections showed that total internal cell 
surface area and cell volume per unit leaf surface area (AR and VR, 
respectively) followed trends similar to leaf thickness (Table 1). In both 
species high and low light grown leaves had highest and lowest VR and 
AR, respectively with transferred leaves exhibiting intermediate values. 
Water use efficiency (WUE) simulations using the leaf photosynthetic 
simulation model were made to quantify the differences in WUE brought 
about by the variations in leaf thickness. In both species, simulated WUE 
increased with increases in VR and AR, hence leaf thickness (Figure 3). 
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Days After 10th leaf Unrolled 
Figure 1. Changes in average leaf length with time. "L" indicates lower 
light and "H" indicates higher light. Leaves were transferred 
on day 13 and day 15 for velvetleaf and soybeans respectively 
( arrows ). "LH" indicates initial low light level and high 
light during the latter period 
16  
380-
340-
1 300-
1 260-
1 
-1 
H 
220-
180-
SOYBEANS 
• HH 
A HL 
o LH 
A LL 
Days After 10th Leaf Unrolled 
220 VELVETLEAF 
 ^ 200 
I ' l l — I — •  I  I — r — ' — r  
10 12 14 16 18 20 22 
Days After 10th Leaf Unrolled 
Figure 2. Changes in leaf thickness with time. Arrows show the date of 
plant transfer. Bar indicates Least Significant Difference 
(LSD) between means 
17  
Table 1. Variations in mesophyll cell surface area (AR) and cell volume 
(VR) per unit leaf area in response to changes in light regime 
VR AR VR AR 
^ ^ 10-^3/m2 m^/m^ 10"6m3/m2 m2/m2 
m 179 32 93 24 
HL 123 23 80 21 
LH 104 19 85 21 
LL 68 14 63 IS 
LSD * 15 4 8 2 
* Least Signifîcant Difference at P< 0.05. 
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16-
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100 120 140 160 180 60 80 
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14-
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12-
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-6 3 2 
VR (10 X m/m) 
Figure 3. Mesophyll cell volume with respect to leaf area. Greater 
mesophyll volume increases water use efficiency at high light 
regime 
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DISCUSSION 
The observed patterns of sun-thick and shade-thin leaves under 
contrasting light environments were in general agreement with previous 
studies on these species (Yun and Taylor, 1986; Bunce et al., 1977) and 
other herbaceous species (Nobel et al., 1975; Longstreth et al., 1981; 
McClendon and McMillen, 1982). Leaf thickening after completion of 
areal expansion in high light control and transfer plants demonstrated that 
leaf thickness was not only altered by the light environment during 
expansion, but was also affected by light after expansion was complete. 
Therefore, the post-areal expansion light environment can be important 
in determination of Anal leaf thickness. The apparent time lag between 
the leaf phenology (areal expansion) and anatomical (leaf thickening) 
development may be due to anatomical response to the total integrated 
PPFD received over a period of time (Nobel et al., 1975; Nobel, 1976; 
Chabot et al., 1979) whereas changes in foliar physiognomy are partly 
governed by the interaction of the leaf size with its immediate physical 
environment (Taylor, 1975). 
In both species leaf thickening was associated with a concurrent 
increase in the amount of mesophyll tissue, which is consistent with 
observations by Lugg and Sinclair (1980). As with leaf thickness, 
changes in anatomical characteristics such as VR and AR, reflected the 
variations in light environment during and after areal leaf expansion. 
The range in AR was comparable to the range of values (10-40) for 
mesophytes reported by Nobel (1980). 
Adaptive significance of light induced changes in leaf anatomy is 
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realized as it influences physiological processes such as photosynthesis and 
transpiration. Changes in leaf thickness are important physiologically, 
since sun-acclimated leaves tend to have higher pbotosynthetic rates at light 
saturation (Boardman, 1977). Nobel and Hartsock (1981) concluded that 
higher photosynthetic rate is directly related to increased Ames/A, which 
reduces mesophyll resistance to movement of carbon dioxide (Nobel, 
1977). In a more recent study Yun (1985) reported that both AR and VR 
were important in increasing light saturated photosynthesis of sun-
acclimated leaves. The increase in VR was assumed to increase sink size 
for carbon fixation. Previous studies with these species Yun (1985) and 
other species (Tanton and Crowdy, 1972) have shown that transpiration 
rates would remain essentially unchanged with an increase in AR. Thus, 
WUE, should increase with leaf thickness, under high light conditions 
(Figure 3). Higher WUEs have been reported in sun-acclimated leaves 
under high light environments (Smith and Nobel, 1977; Nobel, 1980; 
Yun and Taylor, 1986). However, leaf thickening to optimize or increase 
WUE, may not be the only selective force. For a range of climates Yun 
(1985) evaluated the relative influence of leaf thickness and stomate 
resistance on water use efOciency. He showed that in cool-wet-windy 
conditions WUE response to changing stomate resistance was nearly equal 
to the effect of changed leaf thickness. However, in hot-humid-calm 
conditions changing thickness had almost no effect on WUE, but in hot-
dry-windy conditions the effect of thickness was much more significant 
than stomate response, where climate conditions were classified according 
to the methods described by Taylor (1975). 
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CONCLUSIONS 
The extent of leaf thickening is highly dependent upon the light 
environment. Leaf thickening is most rapid during areal expansion while 
post-leaf expansion thickening is mainly a function of the prevailing light 
environment. Upon completion of areal expansion leaf surface area 
becomes fixed. Thickening following full expansion confers a degree of 
plasticity that can increase photosynthesis per unit leaf area should light 
level increase. By delaying Anal thickening the plant may conserve the 
materials and energy required for development in a case where insolation 
becomes increasingly limited as a canopy develops. 
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ABSTRACT 
Variation in leaf thickness and its potential influence on 
photosynthesis were assessed. Soybeans (Glycine max L.) and velvetleaf 
(Abutilon theophrasti Medic.) were grown in, and transferred between 
high and low light environments after leaf expansion appeared complete. 
Leaf thickness, leaf dimensions, and specific leaf weight (SLW) were 
determined for single leaves. Total internal leaf cell surface area and 
volume per unit leaf surface area were evaluated using a stereological 
technique. 
Specific leaf weight was linearly related to leaf anatomical parameters 
and followed trends similar to light levels. The effect of SLW on 
photosynthetic rate was shown by simulation analysis. 
A cost-benefit method of profitability analysis was used to evaluate 
the effect of leaf thickness on carbon balance. For these species optimum 
leaf thickness in a given light environment may be defined as the thickness 
that maximizes carbon gain at highest possible profît per unit of leaf 
material invested. Under a high light environment, greatest profit was 
realized for thick leaves and low stomatal resistance. Profitability was 
more sensitive to stomate resistance than to leaf thickness under low light. 
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INTOODUCnON 
Plant leaves exhibit a wide range of variation in form and function in 
response to their growth conditions. For many plant species, increasing 
the growth light level results in thicker leaves with higher photosynthetic 
rates (Nobel, 1977; Boardman, 1977; Longstreth et al., 1981). Leaf 
thickening is often accompanied by an increase in cell size and number of 
both spongy mesophyll and palisade cells (Chabot and Chabot, 1977; 
Bjorkman, 1981). Since increased leaf thickness may require an 
additional investment in leaf materials, the potential photosynthetic 
benefit must be weighed against the energetic costs associated with the 
increase in thickness. When increased leaf thickness is accompanied by a 
reduction of leaf area, there may be little impact on the cost of leaf 
development; however, such a reconfiguration of materials may provide 
substantial advantages (Parkhurst and Loucks, 1972; Taylor, 1975; 
Nobel, 1980). When thickening continues following expansion an 
additional material investment is involved. 
We assume that leaf thickening in response to growth conditions will 
only be of adaptive value if the energetic costs of construction and 
maintenance are less than the benefits from increased carbon fixation. 
Benefit may be defined as the increment in carbon gain resulting from the 
structure and can often be estimated experimentally or by simulations 
(Mooney and Gulmon, 1979; Mooney and Gulmon, 1982; Jurik and 
Chabot, 1986). 
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Simulations of leaf photosynthesis for different light environments 
and leaf characteristics (primarily leaf thickness) were used to quantify 
the effect of observed leaf thickness on net carbon gain of soybeans and 
velvetleaf. 
The analysis can provide a basis for interpreting "optimum" leaf 
thickness for a given environment It also allows objective evaluation of 
variations in thickness of leaves observed in nature that may have adaptive 
significance. 
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MATERIALS AND MEIHCH>S 
Growth conditions, experimental procedures and simulation have 
been described previously (Memar and Taylor, 1990). Pieces of the 10th 
terminal leaflets or leaves of soybeans and velvetleaf preserved in 
formalin-acetic acid-ethanol (FAA) solution were resin fixed (Memar and 
Taylor, 1990) and used for anatomical measurements. Leaf thickness 
was measured from resin Axed 1-fun thick cross sections using a 
calibrated ocular micrometer. 
An analysis employing a 2kiss SEM-IPS image analysis system 
(Zleiss-Kontron; IBAS version 1.31) was utilized to measure surface area 
of leaf samples. Each experimental replication ( Ave and seven 
replications for soybeans and velvetleaf, respectively) consisted on 
average of seven pieces of leaf tissue sample, where approximate area of 
individual samples ranged from 7 mm^ to 11 nun^. The samples were 
placed in a petri dish on a chromapro light box and viewed with a Sony 3 
CCD color video camera. Care was taken to make sure that the individual 
samples did not touch while leaf surface area of the samples were being 
determined. The samples were oven dried at 55 C to a constant weight 
and weighed with a Metier Micro Gram-Atic balance, and Specific Leaf 
Weight ( SLW, the ratio of leaf dry weight to measured leaf surface 
area) was calculated. 
The cost income model described in detail by Orians and Solbrig 
(1977) was used to evaluate the proHtability of leaf thickness under 
different light environments. The model is based on the assumption that 
natural selection favors plants whose form and function tend to maximize 
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or optimize net growth rate, because such plants often have an advantage 
in competition with other plants. Therefore, total fitness is highly 
correlated wiih the net gain in enei^gy (Joules) and allocation of resources 
to the leaves can be considered in terms of eneigy. The model defines 
income as the energy received from leaf photosynthesis, cost as the 
amount of energy invested in leaf construction and maintenance, and 
profit as income minus cost. 
The photosynthetic input was generated as a function of thickness for 
different light regimes using the model of Yun (1985). The model 
incorporated two thickness related anatomical parameters: total internal 
mesophyll cell surface area (AR) and cell volume (VR) per unit leaf 
surface area. Other plant and environmental variables used in the model 
included stomatal resistance, leaf "dimension characteristics" (Taylor, 
1975), total absorbed radiation, photosynthetic photon flux density, air 
temperature, relative humidity and wind speed. 
Calculation of the cost of biomass, in terms of CO2 used was based 
on the chemical composition of the biomass (Penning de Vries, 1972; 
Penning de Vries et al., 1974 ). Biochemical pathways were used to 
estimate the grams of CO2 necessary to produce a gram of biomass; part 
of the CO2 is incorporated into stracture, and part is released in 
respiratory processes during growth. The cost of constmction is often 
expressed in terms of grams of glucose; 1.54 grams of glucose per gram 
of leaf dry matter produced (Penning de Vries et al., 1974) was used as a 
production estimate. Cost of maintenance respiration was adapted from 
Penning de Vries (1975) as 20 mg of glucose per day to maintain one 
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gram of leaf dry matter. Measured SLW values were then used to 
calculate the corresponding cost of construction and maintenance. 
Daily photosynthetic income and cost of maintenance respiration for 
high light grown leaves were calculated for a photoperiod regime of 15:9 
L/D (Light:Daik) hours. Maintenance cost was only determined for the 
duration of dark periods to avoid double counting, because the 
photosynthetic model already included respirational loss during 
photosynthesis. Similar procedures were used for shade grown leaves 
( i.e., no artifîcial lighting ) except a photoperiod of 10:14 L/D hours 
was used. Other conversion factors include the following: One gram of 
glucose contains about 16736 Joules of energy and 10.9 Joules of energy 
is stored per mg of CO2 fixed (Salisbuiy and Ross, 1985). Accumulated 
proHt was estimated for fully expanded 10th leaf or terminal leaflet for a 
three-week period. The three-week period was used because it 
approximated the duration of the experiment 
Il 
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RESULTS 
Linear relationships between mesophyll cell surface area (AR) and 
cell volume (VR) per unit leaf area, leaf thickness and SLW were found 
for both species (Figures 1 to 3). All anatomical parameters measured 
decreased in magnitude in low light. Htted regression equations are given 
in (Appendix. C). Both AR and VR are determined by cell number, cell 
size, and the ratio of palisade to spongy mesophyll cells, all of which are 
influenced by the environmental conditions during leaf development 
(Memar and Taylor, 1990). Hierefore direct application of the 
regression equations to other studies is limited. However, it is important 
to note that call volume, cell area and SLW could be estimated from 
thickness for a given genotype. 
Both species showed similar trends in anatomical (Figures 1 to 3) and 
physiological (Figure 4) responses to the light enviromnents but the 
responses exhibited by the soybean leaves were greater in magnitude. 
The leaf photosynthetic model used incorporated the anatomical 
parameters AR and VR, thus allowing evaluation of the effect of leaf 
thickness on net carbon gain. For the range of SLW measured, velvetieaf 
net photosynthetic rate was linearly related to SLW, but thicker (i.e., 
higher SLW) soybean leaves had a curvilinear response according to 
simulation outputs (Figure 4). However, net photosynthesis in both 
species initially increased with increases in SLW, which is related to 
thickness (Figure 4). 
Leaf profitability as function of leaf VR in shown in (Figure 5). For 
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For both light environments, stomatal resistances and species leaf profits 
apparently reached a broad plateau (maximum profit) at about the 
measured VR values, after which they decreased at higher leaf VR 
values. The ratio of profit to cost (P/C which may be considered as a 
measure of leaf productivity) calculated from the measured VR values 
indicates that within each species the ratio is higher under the high than 
low light environment Hie ratios were 6.0 and 4.0 for soybeans and 7.0 
and 5.0 for velvetleaf under high and low light, respectively. Within 
species, for a given light environment and VR leaf profitability and thus 
P/C ratios increased with lower stomatal resistance (Figure 5). 
The simulations also indicate that the measured leaf thicknesses under 
high and low light environments tended to attain maximum profits at 
highest possible P/C ratios. This is because, while leaf profit reaches a 
plateau at the measured VR values (under low and high light), the cost of 
leaf material investment and maintenance continues to increase with 
further increases in VR, hence reducing the P/C ratios. 
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Figure 1. Relationship between calculated surface area and volume of 
mesophyll cells as influenced by light regimes. Leaves 
developed in low light (a ); low to high light transfer ( o ); 
high to low light transfer ( a ); leaves developed in high light 
( • )  
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Figure 2. Relationship between calculated mesophyll cell surface area 
and leaf thickness as influenced by light regimes. Symbols 
are as in Figure 1 
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Figure 3. Relationship between measured specific leaf weight and 
mesophyll cell volume as influenced by light regimes. 
Symbols are as in Figure 1 
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Figure 4. Calculated net photosynthesis in relation to specific leaf weight 
for different light (PPFD) and stomatal resistance (rs). 
PPFD=1500 |imol m"2 s"l, rs=200 s/m ( •); 1500 |imol m"2 
s-1,400 s/m (•); 450 )imol m-2 s-1, 200 s/m (•); 450 |Lmiol 
m-2 s-1,400 s/m (^) 
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Figure 5. Leaf profit as a function of mesophyll cell volume. Symbols 
are as in Figure 4. The arrows indicate calculated values of 
mesophyll cell volume of leaves grown at the designated light 
environments 
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DISCUSSION 
Linear relationships observed between AR, VR and leaf thickness 
(Figures 1 and 2) are in agreement with those reported by Yun (1985). 
Specific leaf weight (SLW) was found to be directly related to total cell 
volume (Figure 3) and mesophyll cell surface area as influenced by light 
treatment during leaf development (Nobel et al., 1975; Longstreth et al., 
1981). The degree of mesophyll cell development influences the leaf 
photosynthetic capacity ( Nobel, 1977; Chabot and Chabot, 1977; 
Chabot et al., 1979). Leaf photosynthetic rates in aimual crops 
( Domhoff and Shibles, 1970; Pearce et al., 1969), broad leaf woody 
species (Jurik, 1986) and conifers (Oren at al., 1986) have been 
positively correlated with SLW. Simulations of net photosynthetic rate 
displayed an initially linear response with SLW in both species (Figure 4) 
but, with thicker soybean leaves ( i.e., higher SLW) the response became 
curvilinear. Although stomate resistance to CO2 uptake remains constant 
as leaf thickness increases, actual net photosynthesis does not increase 
proportionately, because of the resistance limitation. 
Profitability of leaf thickness does not change rapidly over a 
considerable range of thickness (Figure 5). However, it is apparent that 
an increase ir: leaf thickness beyond that measured would not improve the 
profitability per unit of leaf material invested (P/C ratio). Measured leaf 
thicknesses, therefore may also be considered optimal, since maximum 
profit per unit investment is attained at highest P/C ratios. It appears that 
maximizing profit at highest possible P/C ratio is an important factor in 
determining optimal leaf thickness in both species. The cost-benefit 
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analysis of the leaves also demonstrates that under the high light 
environment the measured stomatal resistance (200 s/m) give the greatest 
profit return for each incremental increase in thickness until an optimum 
is reached (compare Figures 5a and 5b). Davis and Taylor (1980) 
presented data concerning primarily leaves of mesophytic plants that 
leaves developed in sunny locations generally were characterized by lower 
stomate resistance than those in less sunny sites. Parkhurst (1978) 
concluded that leaf thickness was a major factor associated with stomatal 
distribution, and thick leaves developed under high light environments 
tended to be amphistomatous (i.e., to have pores on both sites). Taylor 
(1971) found that leaves with large stomatal areas did not exhibit high 
resistances, but leaves with lower stomatal areas exhibited a wide range 
of resistances. The above findings imply that in nature sun-leaves of 
mesophytes tend to be thick and have low resistance, or at least are 
capable of low resistance, and shade-leaves tend to be thin and not 
necessarily capable of low resistance. Such leaf characteristics would 
have adaptive significance, since they impart a degree of plasticity to the 
leaves both in terms of physiology and anatomy so that carbon gain is 
maximized. 
Profitability may be fairly independent of leaf thickness under the 
low light environment but can be potentially influenced by stomatal 
resistance (Figure 5c and 5d). It is more profitable to have a thin leaf 
(high P/C ratio) and low stomatal resistance under the low light 
environment than to have thick leaves. The excess respiratory tissue 
associated with thick leaves may be a major factor to inefficiency in 
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shaded environment. However, in shady habitats stomatal resistance is 
often high and may be influenced by the low light intensities ( Bjorkman 
et al., 1972). An alternative for increasing total caibon gain and thus 
profîtability would be an increase in leaf size or number rather than 
thickness. This may provide a partial answer to the conmion occurrence 
of large thin leaves in shady habitats (Nobel, 1976; Boardman, 1977). 
The analysis also indicates that the transfer of leaves from high to low 
light would a disadvantage in terms of caibon fixed by photosynthesis 
per unit of caibon invested (construction plus maintenance costs) if leaves 
have fully thickened (Figures 5a and Sd). Hiis is because the leaves may 
have profitability similar to or lower than the shade (thin and high P/C 
ratio) leaves but at lower P/C ratios. Conversely, leaves that were 
developed in shade and exposed to high light will benefit from leaf 
thickening as profitability increases when thickness approaches the 
optimal under the light environment. Changes in profitability and P/C 
ratios with transferring of leaves indicates the existence of an optimum 
thickness for a given light environment. Therefore in plant communities 
where there is a gradient of light within the canopy or over a growing 
season, matching leaf thickness to the prevailing light micro-environment 
may be beneficial and have adaptive value, hi fact, both crop and wild 
plant canopies exhibit some gradients of leaf thickness along their profiles 
and over a growing season (Lugg and Sinclair, 1979; Jurik, 1986; 
Gutschick, 1988). The observed phenological delay in thickening 
(Memar and Taylor, 1990) may be considered as adaptive since some 
leaves in a developing canopy tend to be shaded as development proceeds. 
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In a simulation of canopy photosynthesis, Gutschick (1988) 
concluded that optimizing SLW over a growing season as an optimal 
phenological trend may significantly increase yield in alfalfa (Medicago 
sativa). However, the study did not include canopy developmental 
patterns, since an optimum SLW at one growth stage may become sub-
optimal at other growth stages as the older leaves are overtopped in the 
developing canopies. 
Both soybeans and velvetleaf exhibit similar physiological and 
anatomical responses to changes in light environment. Optimum leaf 
thickness in these two species is closely coupled to caiix>n gain and for a 
given light environment can be defined as the thickness that maximizes 
caibon gain at highest possible profit to cost ratio. The cost-benefit 
method of analysis provides a quantitative perspective for explaining the 
energetics associated with variations in leaf thickness observed in nature. 
Conceivably, energetics would tend to set an adaptive upper limit on 
the thickness of the photosynthetically active tissues of a leaf. Leaves 
thickened for other reasons such as epidermal thickening, cuticular 
thickening or storage organ development must be evaluated according to 
criteria beyond, but including, those considered here. 
If the upper limit of leaf thickness is specified by energetics, the 
lower limit, under environmental conditions that favor thin leaves, may 
be specified by physical or genetic limitations and by water economy. 
This paper does not integrate the water use efOciency consideration with 
the productive profit analysis. However, such an analysis is conceivable. 
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SUMMARY AND DISCUSSION 
Leaf thickness is important to production and to efficient plant use of 
water. Leaf size and thickness often vary in response to changes in the 
light environment. Recent studies have indicated Aat thicker leaves may 
have higher photosynthetic rates (under high light) without increased 
transpiration. Leaf thickening therefore may have important effects on the 
plant adapting to its environment. The objectives of this study were to 
determine the phenology and extent of moiphological changes during leaf 
acclimation to light, and to investigate the factors that influence optimal 
leaf thickness in a given light environment. 
Soybean {Glycine max L.) and velvetleaf (Abutilon theophrasti 
Medic.) were grown in and transferred between high and low light 
environments after leaf expansion (10th leaf) appeared complete. Leaf 
thickness, dimensions and specific leaf weight (SLW) were measured on 
single leaves or leaflets. Total internal leaf cell surface area (AR) and cell 
volume (VR) per unit leaf surface area were measured on l -pm thick leaf 
cross sections, fîxed in resin, using a stereological teclmique. 
In both species high and low light grown leaves had highest and lowest 
thickness, respectively, with transferred leaves exhibiting intermediate. 
The anatomical parameters SLW, VR and AR followed trends similar to 
leaf thickness. Leaf thickening was rapid during early stages of leaf 
development, and the potential for thickening continued beyond the 
period of leaf length and breadth expansion. Fully expanded leaves 
developed in shade were capable of thickening if light levels increased. 
Leaves developed in high light exhibited a time lag between areal 
so 
expansion and thickening. This may prevent potentially wasteful investment 
in biomass should leaves be shaded late in development 
A cost-benefît method was used to evaluate the effect of leaf thickness 
on caibon balance. For these species optimum leaf thickness in a given 
light environment may be defined as the thickness that maximizes caibon 
gain at highest possible profit per unit of leaf material invested. Under a 
high light environment, greatest profit was realized for thick leaves and 
low stomatal resistance. Profîtability was more sensitive to stomate 
resistance than to leaf thickness under low light. 
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APPENDIX A. CHANGES IN LEAF DIMENSIONS WITH TIME 
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Figure A-1. Changes in maximum leaf length with time 
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Figure A-2. Changes in maximum leaf width with time. Arrows show 
the date of plant transfer 
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APPENDIX B. CORRELATION BETWEEN HAND HELD AND OCULAR 
MICROMETER READINGS OF LEAF THICKNESS 
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Figure B-1. Relationship between hand held and ocular micrometer 
measurements of leaf thickness 
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APPENDIX C. REGRESSION OF LEAF ANATOMICAL PARAMETERS 
Regression lines of mesophyll cell surface area per unit leaf area 
(AR) on mesophyll cell volume per unit leaf area (VR) and leaf thickness 
(TH) are as follow: 
AR = 0.164 VR + 2.55 (r2 = 0.99), AR = 8.632 TH + 64.60 
(r2 = 0.95), for the 10th terminal leaflet of soybeans. 
Specific Leaf Weight (SLW) was regressed to mesophyll cell volume 
per unit leaf area (VR) for the 10th terminal leaflet of soybeans as of 
below: 
SLW = 0.326 VR + 3.90 (r2 = 0.98) . 
Similar regression lines were fitted for the 10th leaf of velvetleaf 
plants. The equations were: 
AR = 0.294 VR-3.31 (r2 = 0.97), AR = 0.180 TH - 10.92 
(r2 = 0.98) and SLW = 0.702 VR - 24.02 (r2 = 0.99). 
